Leaf rolling is considered as one of the most important agronomic traits in rice breeding. It has been previously reported that SEMI-ROLLED LEAF 1 (SRL1) modulates leaf rolling by regulating the formation of bulliform cells in rice (Oryza sativa); however, the regulatory mechanism underlying SRL1 has yet to be further elucidated. Here, we report the functional characterization of a novel leaf-rolling mutant, curled leaf and dwarf 1 (cld1), with multiple morphological defects. Map-based cloning revealed that CLD1 is allelic with SRL1, and loses function in cld1 through DNA methylation. CLD1/SRL1 encodes a glycophosphatidylinositol (GPI)-anchored membrane protein that modulates leaf rolling and other aspects of rice growth and development. The cld1 mutant exhibits significant decreases in cellulose and lignin contents in secondary cell walls of leaves, indicating that the loss of function of CLD1/SRL1 affects cell wall formation. Furthermore, the loss of CLD1/SRL1 function leads to defective leaf epidermis such as bulliform-like epidermal cells. The defects in leaf epidermis decrease the water-retaining capacity and lead to water deficits in cld1 leaves, which contribute to the main cause of leaf rolling. As a result of the more rapid water loss and lower water content in leaves, cld1 exhibits reduced drought tolerance. Accordingly, the loss of CLD1/SRL1 function causes abnormal expression of genes and proteins associated with cell wall formation, cuticle development and water stress. Taken together, these findings suggest that the functional roles of CLD1/SRL1 in leaf-rolling regulation are closely related to the maintenance of cell wall formation, epidermal integrity and water homeostasis.
INTRODUCTION
In higher plants, leaf rolling is frequently observed in both natural and mutant populations. Leaf rolling in grass species generally leads to a more erect plant architecture that is beneficial for enhancing light capture, carbon fixation and gas exchange for photosynthesis (Zhu et al., 2001; Lang et al., 2004) . Moreover, moderate leaf rolling can reduce transpirational water loss and canopy interception of solar radiation, and thus is important for improving the adaptation of plants to environmental stresses (Kadioglu and Terzi, 2007) . Consequently, moderate leaf rolling is considered one of the most important agronomic traits in Oryza sativa (rice) breeding, and is widely used in highyielding rice varieties including super hybrid rice in China (Yuan, 1997; Zhu et al., 2001; Chen et al., 2010) ; however, severe leaf rolling often results in growth retardation, developmental defects and grain yield reduction.
With its agronomic importance, the genes and regulatory mechanisms underlying leaf rolling have been extensively studied in rice. Most leaf-rolling phenotypes have been shown to result from abnormal morphology, number, size or distribution of the bulliform cells (BCs), a group of large, thin-walled and highly vacuolated cells on the adaxial surface of leaf blades. For example, knock-out of Roc5, a gene encoding the class-IV homeodomain-leucine zipper (HD-ZIP) transcription factor in rice, resulted in abaxial leaf rolling by increasing the number and size of BCs on the adaxial surface, whereas overexpression of Roc5 led to adaxial rolling by reducing the number and size of BCs (Zou et al., 2011) . Similarly, many other genes modulate leaf rolling by regulating the number, size and arrangement of BCs, such as OsZHD1 , ACL1 and ACL2 (Li et al., 2010a) , REL1 (Chen et al., 2015) and REL2 (Yang et al., 2016) , among others. In addition, some investigations have shown that the genes regulate secondary cell wall or cellulose formation, such as OsCSLD4/NRL1 (Li et al., 2009; Hu et al., 2010; Luan et al., 2011) , RL14 (Fang et al., 2012) and OsMYB103L , which also play important roles in determining leaf rolling, in general, by affecting the development of BCs. In summary, increasing the number or size of BCs could result in abaxial rolling; in contrast, reducing the number or size of BCs generally leads to adaxial rolling. Xiang et al. (2012) have suggested that SEMI-ROLLED LEAF 1 (SRL1) regulates adaxial leaf rolling by increasing the number of BCs. It has been reported that some genes involved in auxin biosynthesis can affect the water content in BCs and modulate rice leaf rolling (Woo et al., 2007; Fujino et al., 2008) . Moreover, under water deficiency or drought stress, the loss of moisture through vacuoles induces shrinkage in BCs, which causes leaf rolling (Kadioglu and Terzi, 2007) . Therefore, the physiological status of BCs is clearly also crucial for the regulation of leaf rolling.
In addition to BCs, recent studies have demonstrated that mesophyll cells, sclerenchyma cells and epidermal cells also play roles in the regulation of leaf rolling. Some genes such as SRL2 (Liu et al., 2016) and SLL1 , which are involved in developmental processes of mesophyll cells or sclerenchymatous cells, can modulate rice leaf rolling. Interestingly, Wu et al. (2011) have identified a dominant leaf-rolling mutant, curly flag leaf 1 (cfl1), that shows severely impaired cuticle development, indicating the importance of a well-organized epidermis for the maintenance of leaf shape. Considering the roles of the leaf epidermis in water retention, it is obvious that an impaired epidermis could affect the transpiration capacity of leaves and thus lead to leaf rolling. Therefore, leaf rolling involves a complex regulatory mechanism comprising molecular, cellular, physiological and environmental cues.
Although an increasing number of genes controlling leaf rolling have been identified in rice, the underlying regulatory mechanisms are still under investigation. In this study, we identified a novel leaf-rolling mutant, curled leaf and dwarf 1 (cld1), with multiple morphological defects. Further studies revealed that cld1 is an epiallele of SRL1. The loss of CLD1/SRL1 function leads to abnormal cell wall formation, impaired epidermis and water deficit in leaves. Our results herein clearly demonstrate the functional roles of CLD1/SRL1 in regulating rice leaf rolling.
RESULTS

Phenotypes of cld1
The mutant was named curled leaf and dwarf 1 (cld1) mainly based on its curled leaf and dwarf phenotype under natural growth conditions. Beginning at the early seedling stage, the cld1 mutant already displayed some obvious morphological abnormalities, including adaxial leaf rolling and reduced plant height ( Figure 1a ). The typical phenotype became increasingly evident during growth. Figure 1(b) shows the gross morphology of the wild type (WT) and the cld1 mutant at the mature stage. Beginning from the tillering stage, all the leaf blades of the cld1 mutant exhibited severe curling or shallot-like rolling toward the adaxial surface (Figure 1c, d) . Furthermore, some blades of the cld1 mutant even displayed a twisted rolling phenotype (Figure 1e ). Notably, some tillers, especially the secondary and tertiary tillers, produced leaves with extremely twisted and curled phenotypes, not only at the leaf blade but also at the leaf sheath and lamina joint, which physically blocked panicle outgrowth and elongation, thereby generating malformed panicles (Figure 1f-i) . The statistical analysis showed that the leaf-rolling index (LRI) of 50-day-old cld1 plants reached more than 80%, whereas the LRI of WT was less than 5% ( Figure 1j ). The cld1 mutant showed a significant dwarf phenotype during the whole growing stage. At the mature stage, the plant height of cld1 was approximately 74% that of the WT (Figure 1k) . The reduced plant height of cld1 plants mainly resulted from the shortened panicle and uppermost three internodes of the culms (Figure 1l ). Compared with the WT, the cld1 mutant also showed a significant reduction of the seed-setting rate (Figure 1m ). In addition, cld1 plants exhibited dark-green leaves throughout the growth and development stages, and further measurement of the chlorophyll content revealed significant increases in chlorophyll a and chlorophyll b in the leaves (Figure 1n ). These observations indicated that cld1 had multiple morphological defects.
The cld1 mutant produces severe defects in the leaf epidermis
To elucidate the formation of leaf rolling in cld1, the anatomic characteristics of leaves were investigated using cross sections of young and mature plants. The results from young plants revealed no differences between the WT and cld1 in terms of the organization of the sclerenchyma and vascular tissues (Figure 2a,b) . In both the WT and the cld1 mutant, bulliform cells (BCs) occurred between two vascular bundles in parallel with adaxially localized veins, and the BCs were arranged in groups of between five and seven cells (Figure 2a, b) . No significant differences were detected between WT and cld1 in the number and area of BCs ( Figure 2c,d) ; however, obvious differences were observed between the WT and cld1 in epidermal cell morphology. Compared with the WT, cld1 displayed more swollen epidermal cells (bubble-shaped epidermal cells) in both adaxial and abaxial epidermis (Figure 2a, b) . The statistical results revealed a significant increase in swollen epidermal cell numbers in cld1 (Figure 2e ,f). We further investigated the cross sections from leaves of mature plants. The cld1 mutant also displayed a significant increase in swollen epidermal cells in leaves, especially in severe curling regions ( Figure S1A ). These results further demonstrated the bulliform-like trend in leaf epidermal cells in cld1. In addition, clear changes were also observed in the root epidermis of cld1 ( Figure S1B ). To further investigate the BCs and epidermal cells, the adaxial surfaces of the leaf blade were peeled and stained with toluidine blue (TB) as described by Hernandez et al. (1999) . In the WT, TB stained BCs purple and epidermal cells blue, whereas in cld1, both the BCs and epidermal cells were stained purple (Figure 2g) , again demonstrating the bulliform-like trend in leaf epidermis of cld1. In addition, TB staining revealed that although the BCs were mainly arranged in a single column or two columns along veins in both the WT and cld1, obvious morphological changes were observed in cld1 in terms of linear-arrayed BCs along the direction of the vein (Figure 2g ). The cld1 mutant clearly displayed a dehydrated and atrophied morphology of BCs in the longitudinal direction of the leaf blade ( Figure 2g ). The statistical results revealed that the longitudinal length of each bulliform cell was significantly reduced in cld1 (Figure 2h ). These results further supported the defective leaf epidermis of cld1. Because the TB assay is also an effective method to directly detect defects in the leaf epidermis , the results were obtained from TB staining, in which the WT with an intact leaf epidermis completely repelled TB staining, whereas the cld1 leaves were obviously stained by TB (Figure 2i ), as demonstrated by the severely impaired leaf epidermis in cld1.
Next, we examined the cld1 leaves by scanning electron microscopy (SEM). Consistent with the results from the histological and staining analyses, the SEM observations revealed significant differences between WT and cld1 in the structure of the epidermis (Figure 2j,k) . In the WT, papillae were regularly arranged in the epidermal layer ( Figure 2j1 -3 and k1-3), whereas in cld1, the papillae showed a disordered distribution and became larger in both the abaxial and adaxial layers (Figure 2j5-7 and k5-7). The linear cork-silica cell pairs created a neat epidermal layer in the WT (Figure 2j2,k2) , whereas cld1 displayed misty cork-silica cell pairs on the epidermis (Figure 2j6,k6) . Compared with the WT, cld1 also showed enhanced nodular papillae on the abaxial epidermis (Figure 2k3,k7 ). In addition, remarkable differences were observed between WT and cld1 in stomatal morphology. Most of the stomatal apparatus was closed in WT leaves (Figure 2j4,k4) , whereas most of the stomatal apparatus was open in cld1 leaves (Figure 2j8,k8) . All of these results further demonstrate that the defective leaf epidermis in cld1 was caused by bulliform-like epidermal layers.
Map-based cloning of CLD1
To isolate CLD1 by map-based cloning, we crossed the cld1 mutant with a japonica cultivar, 02428. All the F 1 hybrids displayed a WT morphological phenotype, and in the F 2 population, 410 normal individuals and 128 cld1 individuals were obtained, demonstrating typical Mendelian segregation (3:1). These results indicate that cld1 was controlled by a single recessive gene. Genetic mapping of the CLD1 gene using F 2 mutant individuals revealed that CLD1 was linked to molecular markers on the short arm of chromosome 7 (Figure 3a) . By using a large population of 1230 F 2 mutant individuals, CLD1 was narrowed down to a 112-kb genomic region between InDel markers ID74 and ID186 on BAC clone AP005869 (Figure 3b) . According to the IRGSP1.0 database, 12 candidate genes were annotated in the 112-kb region, including SRL1/Os07g0102300, a previously reported leaf-rolling gene ( Figure 3c ). We sequenced all the genes in the candidate region, particularly for SRL1/Os07g0102300. The entire SRL1 gene, including the 11 599-bp region from 2132 nt upstream of the transcription start site to 61 nt downstream of the transcription termination site, was sequenced using WT and cld1 plants; however, no DNA sequence variation was found to be responsible for cld1 mutation. Therefore, we detected the mRNA expression levels of all the candidate genes (Table S1 ). The results showed that SRL1/Os07g0102300 expression was hardly detectable in cld1 but was abundant in the WT ( Figure S2B ), indicating that SRL1/Os07g0102300 might be CLD1. We then designed a series of RT-PCR amplifications to measure SRL1/Os07g0102300 expression at different exonencoded regions ( Figure S2A ). Based on RT-PCR analysis, the expression level of SRL1/Os07g0102300 was normal at the first and second exon-encoded regions in cld1 plants, but was undetectable from the third to the eighth exonencoded regions ( Figure S2B ), indicating the transcriptional silencing of SRL1/Os07g0102300 mRNA from the third exon-encoded region. Furthermore, the qRT-PCR results showed just a 1.3-fold decrease in expression (WT = 1, cld1 = 0.77) from the first to the second exonencoded regions, whereas a more than 20-fold decrease (WT = 1, cld1 = 0.047) was observed from the third to the fourth exon-encoded regions, and a 38-fold decrease (WT = 1, cld1 = 0.026) was observed from the sixth to the eighth exon-encoded regions (Figure 3d ,e) . These results further indicated that transcriptional silencing of SRL1 mRNA from the third exon-encoded region was responsible for the cld1 mutation. Considering that no DNA or mRNA sequence mutations were found in cld1 plants, the above findings strongly urged us to examine whether the cld1 mutation was controlled epigenetically through DNA methylation at the SRL1 locus. Therefore, we determined the DNA methylation level of SRL1 by bisulfite sequencing PCR (BSP). The CpG site prediction defined two CpG islands located at the first exon-encoded region and third exon-encoded region, respectively (Figure 3d and Figure S2C) . The BSP sequencing results revealed no differences in DNA methylation in the first exon-encoded region ( Figure S2D ), in contrast to obvious DNA methylation differences in the third exon-encoded region (Figure 3f ). The results were consistent with a sharp reduction of SRL1 expression downstream of the third exon-encoded region, indicating that DNA methylation in cld1 plays essential roles in the regulation of SRL1 expression. To further validate the correlation between the cld1 phenotype and SRL1 methylation, we treated cld1 seeds with 5-aza-2 0 -deoxycytidine (5-aza-dC), an inhibitor of DNA methylation (Miura et al., 2009; Li et al., 2014) . All the cld1 seedlings from untreated seeds showed the leaf-rolling phenotype, whereas 63.1% of cld1 seedlings from 5-aza-dC-treated seeds exhibited a flat leaf phenotype (Figure 3g ). These results further indicated that cld1 is an epiallele of SRL1 and causes a loss-of-function mutation by epigenetic inactivation through DNA methylation. As shown in Figure 3 (d), the CLD1/SRL1 gene contains eight exons and seven introns, and the genomic DNA is 9.8 kb in length. The full-length cDNA sequence (accession no. AK101907) contains a 1326-bp open reading frame (ORF), which was predicted to encode a polypeptide of 441 amino acids. To conduct the complementation experiment, we constructed a plasmid pCAMBIA1301-35S::SRL1, carrying the full-length cDNA of the WT under the control of the cauliflower mosaic virus (CaMV) 35S promoter. Because the cld1 mutant was derived from O. sativa indica cultivar 93-11, which is very resistant to genetic transformation, we induced the cld1 callus from the F 2 mutant seeds of cld1902428 (an O. sativa japonica cultivar). By introducing the plasmid into cld1, the mutant phenotypes, including dwarf stature, curled leaves and aberrant leaf color, were rescued (Figure 3h ,i), demonstrating that CLD1 is SRL1. We also introduced the plasmid into a japonica cultivar Nipponbare, but the transgenic plants showed a WT morphological phenotype, indicating that overexpression of CLD1/SRL1 in WT plants had little impact on rice growth and development.
To further verify the identity of CLD1/SRL1, two T-DNA tagged lines, srl1-3 (3A-14490) and srl1-4 (4A-04268), were isolated and identified by PCR and RT-PCR (Figure 4a-d) . As expected, both srl1-3 and srl1-4 displayed the leaf-rolling and dwarf phenotype (Figure 4e-g ). We then performed an allelism test by crossing cld1 with srl1-3. The F 1 hybrids displayed the mutant phenotype (Figure 4h ), further indicating that cld1 is a new allele of SRL1. Next, we examined the leaf epidermal cells and BCs in srl1-3 and srl1-4. No significant difference was detected between WT and slr1-3 (or slr1-4) in the number of BCs ( Figure S3A ,B); however, obvious differences were observed between the WT and slr1-3 (or slr1-4) in epidermal cell morphology ( Figure S3A ,C-E). Compared with the WT, srl1-3 and srl1-4 displayed significant increases in the number of swollen epidermal cells in both the adaxial and abaxial epidermis ( Figure S3A ,D,E). We then investigated the BCs and epidermal cells again with TB staining, and found that TB stained the BCs purple and the epidermal cells blue in the WT ( Figure S3F , left panel), whereas TB stained both BCs and epidermal cells purple in srl1-3 ( Figure S3F , middle panel) and srl1-4 ( Figure S3F , right panel). These results demonstrated that the leaf epidermal cells of srl1-3 and srl1-4 had a bulliform-like trend. We further stained intact leaves using the TB assay as described by Wu et al. (2011) to detect whether srl1-3 and srl1-4 had defects in the leaf epidermis. Similar to cld1, the leaves of srl1-3 and srl1-4 showed patchy staining by TB, whereas the WT leaves with an intact epidermis repelled the TB staining ( Figure S3G ). In addition, similar to cld1, SEM observations revealed that srl1-3 and srl1-4 had remarkable alterations in the structure of the epidermis, such as a disordered distribution of papillae, misty cork-silica cell pairs and abnormal stomatal morphology ( Figure S4 ). These results further demonstrated that knock-out of CLD1/SRL1 in japonica rice also impaired the leaf epidermis.
According to the rice genome database annotation (http://rapdb.dna.affrc.go.jp), CLD1/SRL1 encodes a hypothetical glycosylphosphatidylinositol (GPI)-anchored protein. The BLAST searches revealed that CLD1/SRL1 is homologous to Arabidopsis At1g61900-and At1g61900-like proteins in other species ( Figure S5 ). We then examined the subcellular localization of CLD1/SRL1 protein through transient expression of the CLD1/SRL1-GFP fusion protein in Allium cepa (onion) epidermal cells and rice protoplasts, respectively. Consistent with the previous report by Xiang (2012) , the fluorescent signals of CLD1/SRL1-GFP were distributed mainly along the plasma membrane (Figure S6) , indicating the plasma membrane location of CLD1/ SRL1; however, we found that the fluorescent signals of CLD1/SRL1-GFP could not be distributed evenly along the plasma membrane ( Figure S6 ).
Temporal-spatial and stimulus-induced expression patterns of CLD1/SRL1
The spatial expression pattern of CLD1/SRL1 has been reported on previously by Xiang et al. (2012) . We re-examined the detailed temporal-spatial expression patterns by qRT-PCR and b-glucuronidase (GUS) reporter assay. The qRT-PCR analysis revealed that CLD1/SRL1 was ubiquitously expressed in all 19 tested tissues ( Figure 5a ). In general, CLD1/SRL1 showed higher expression levels in leaves undergoing vigorous growth ( Figure 5a ). We further carried out CLD1 promoter::GUS reporter analysis to profile CLD1/SRL1 expression. Histochemical staining of GUS activity in transgenic plants showed that CLD1/SRL1 was expressed throughout growth and development stages ( Figure 5b ). After 4-8 days of seed germination, CLD1/ SRL1 expression was strong at the top of the coleoptile and primary leaf and middle of the radicle and seminal roots, but was relatively weak in the basal portion of the coleoptile and primary leaf and root tip ( Figure 5b ). During early vegetative growth, CLD1/SRL1 expression was predominant in root and leaf, but weak in the young stem ( Figure 5b ). In the reproductive stage, CLD1/SRL1 expression was detected in all vegetative organs, including mature roots, leaf blade, lamina joint, leaf sheath, nodes and internodes (Figure 5b) . Notably, in the leaf blade, strong CLD1/SRL1 expression was detected in mesophyll cells and epidermis, whereas very weak GUS staining was observed in BCs and vascular tissues (Figure 5b ), because BCs and vascular tissues have large vacuoles containing water. In addition, CLD1/SRL1 expression was relatively strong in spikelets and florets, including palea and lemma, but none was detected in pistils and stamens (Figure 5b) .
We then analyzed the stimulus-induced expression profiles of CLD1/SRL1 using 2-week-old seedlings treated with abscisic acid (ABA), salicylic acid (SA), methyl jasmonate (MeJA), indole-3-acetic acid (IAA), methyl viologen (MV), NaCl, PEG, high temperature (38°C) and low temperature (4°C). Notably, the expression of CLD1/SRL1 was strongly induced by SA but obviously repressed by MV in both roots and shoots, and IAA treatment strongly induced its expression in young shoots (Figure 5c ). In addition, ABA and high temperature induced its expression in both shoots and roots (Figure 5c ).
The cld1 mutant exhibits water deficits and reduced drought tolerance
The leaf epidermis of plants can serve as a barrier to prevent water leakage. Undoubtedly, defects in the leaf epidermis can affect photosynthesis and water transport in plants. As expected, the cld1 plants showed a severe decrease in the net photosynthetic rate (Figure 6a ) and significant increases in the transpiration rate, stomatal conductance and intercellular CO 2 concentration (Figure 6b-d) . Accordingly, the cld1 plants showed a significant reduction in relative water content (RWC) in leaves ( Figure 6e ). We then measured the rate of water loss (RWL) from the detached leaves of 50-day-old plants. The results showed that cld1 lost water much faster than the WT (Figure 6f) .
We further tested the drought tolerance of cld1 plants. Four-week-old plants were subjected to drought stress ( Figure 6g , left panel). After 14 days of withholding water, most of the cld1 plants displayed a severe wilting and dry Figure 5 . Gene expression profiles of CLD1/SRL1 under normal and stress conditions. (a) qRT-PCR analysis of CLD1 expression patterns in various rice tissues. OsActin1 gene was used as a control and the expression level of CLD1 in the callus was set as 1.0. (b) Detection of GUS activity in CLD1 promoter::GUS transgenic plants. GUS staining was performed using more than three independent transgenic lines with similar patterns. (b1-b3) shows 2-day-old, 5-day-old and 2-week-old seedlings, respectively. (b4-b16) Lateral root, second leaf tip, middle part of blade, cross section of (b6), base of blade, leaf ligule, leaf sheath, the first node of culm, the first internode of culm, the second node of culm, the second internode of culm, spikelet, pistil and stamen at the heading stage, respectively. Scale bars: (b7) 50 lm; (b16) 500 lm; 1 cm for all other panels. (c) qRT-PCR analysis of stimulus-induced expression profiles of CLD1/SRL1. Data are means AE SDs from three independent biological replicates. [Colour figure can be viewed at wileyonlinelibrary.com].
phenotype, whereas the leaves of WT plants showed rolling, with a few wilting and dry phenotypes (Figure 6g , middle panel). A week after re-watering, most of the WT plants recovered vigorous growth, whereas most of the cld1 plants were dead (Figure 6g, right panel) . The survival rate of cld1 plants was markedly lower than that of the WT (Figure 6h ). These results demonstrated reduced drought tolerance of cld1. Taken together, the above results indicated that the cld1 mutant had a reduced water-holding capacity, thus leading to water deficits and reduced drought tolerance.
Altered secondary cell wall formation in cld1
Previous studies have shown that several rice genes, including ROC5, ACL1, ADL1, SLL1, RL14, NRL1/OsCSLD4 and OsMYB103L, are involved in the regulation of leaf rolling. To understand the regulatory mechanism of CLD1/ SRL1, the expression of these genes was determined by qRT-PCR. The results indicated that the loss of CLD1/SRL1 function resulted in a sharp increase in the expression of RL14 and OsMYB103L in cld1 plants (Figure 7a ). Conversely, the expression level of NRL1/OsCSLD4 was significantly reduced in cld1. To further understand the relationship between CLD1/SRL1 and NRL1/OsCSLD4, we also analyzed the expression of CLD1/SRL1 in the nrl1 mutant and found that the expression of CLD1/SRL1 was significantly upregulated ( Figure S7 ). We further examined the expression of a set of cellulose synthase genes (OsCESA1-8, OsDRP2B, OsCSLD1-3, 5), secondary cell wall-associated transcription factors (SND1, VND4/5/6) and the lignin biosynthesis gene OsLAC17 in cld1. The results showed that the expression levels of OsCESA1, OsCESA2, OsCESA3 and SND1 were significantly downregulated, whereas OsDRP2B/BC3, a gene encoding a classical dynamin essential for proper secondary cell wall synthesis (Hirano et al., 2010) , was significantly upregulated in cld1 (Figure 7a ), demonstrating the role of CLD1/SRL1 in affecting secondary cell wall formation.
We further determined the major constituents of secondary cell walls, including cellulose and lignin contents, in WT and cld1. Consistent with the downregulation of cellulose synthesis-related genes such as NRL1/OsCSLD4 and OsCESA1-3, the cld1 mutant displayed a significant decrease in cellulose content in leaves (Figure 7b) . Moreover, cld1 also showed a significant decrease in lignin content in leaves (Figure 7c ). Histochemical analysis using phloroglucin staining was also conducted for detecting the lignin content in cross sections of leaf vascular bundle. Phloroglucin stained the walls of the xylem cells in the WT, but only weakly stained those in cld1 (Figure 7d ), further demonstrating a decrease in lignin content in cld1. Taken together, these results suggest that the loss of CLD1/SRL1 function altered the cell wall formation in leaves.
Abnormal expression of cell wall biosynthetic proteins, cuticle-associated proteins and water stress-associated proteins in cld1
To better understand the molecular mechanism of CLD1/ SRL1, the iTRAQ-based quantitative proteomic technique was used to assess proteome changes in cld1. Total proteins were explored using the iTRAQ technique with two biological replicates of WT labeled with reagent 113 and 114, and cld1 labeled with reagent 115 and 116, respectively, and the results were quantified by LC-MS/MS method. As a result, 4571 proteins were detected, of which 3448 proteins were quantified by LC-MS/MS analysis. Finally, a total of 202 proteins were found to be differentially expressed between cld1 and the WT (Table S2) . Among them, 127 proteins were upregulated and 75 proteins were downregulated in cld1 compared with the WT. According to the InterPro database annotation, the differentially expressed proteins fell into 15 major domains (Figure S8A) . The top five most abundant protein domains were IPR001764 (Glycoside hydrolase family 3 N-terminal domain), IPR002772 (glycoside hydrolase family 3 C-terminal domain), IPR000528 (plant lipid transfer protein/par allergen), IPR026891 (fibronectin-type III-like domain) and IPR016140 (bifunctional inhibitor/plant lipid transfer protein/seed storage helical domain) ( Figure S8B ). Based on the KEGG pathway enrichment analysis, the differentially expressed proteins fall into several pathways (P < 0.05), including phenylpropanoid biosynthesis, phenylalanine metabolism, starch and sucrose metabolism, etc. (Figure S8C ,D and Figure S9 ). As shown in Figure S10 , several key steps in the phenylpropanoid biosynthesis pathway were affected in the cld1 mutant.
We identified nine differentially expressed proteins that were directly involved in phenylpropanoid biosynthesis (Table 1) , accounting for 4.5% of the total differentially expressed proteins. Among them, OsCAD2/Os02g0187800 and Os4CL3/Os02g0177600, which catalyze monolignol biosynthesis in the phenylpropanoid pathway, were markedly upregulated in the cld1 mutant (Table 1) . Two phenylalanine ammonia-lyase (PAL) proteins, Os02g0626100/ Q0DZE3 and Q7X720, which could catalyze the first and committed step in the phenylpropanoid pathway, were downregulated and upregulated in cld1, respectively. In addition, a laccase protein (Laccase-7/Os01g0850700), which is associated with lignin synthesis, was upregulated in cld1.
Many proteins associated with the processes of cell wall and cellulose formation were also differentially expressed in cld1 (Table 1) . Cellulose synthase A catalytic subunit eight (OsCesA8/Os07g0208500), which is required for cellulose biosynthesis, and xyloglucan endotransglucosylase/ hydrolase protein (OsXTH8/Os08g0237000), which can mediate cleavage and rejoining of the b-xyloglucans of the primary cell wall (Jan et al., 2004) , were upregulated in cld1. In plants, glycoside hydrolases (also called glycosyl hydrolases) are extremely common enzymes, but they have important roles in the degradation of biomass such as cellulose, hemicellulose and starch, among others. As shown in Figure S8A ,B, protein domains IPR001764 (glycoside hydrolase family 3 N-terminal domain), IPR002772 (glycoside hydrolase family 3 C-terminal domain) and IPR026891 (fibronectin type III-like domain) were significantly enriched in the iTRAQ analysis, and six glycosyl hydrolase family proteins were differentially expressed in cld1 (Table 1 ). In addition, three GPI-anchored fasciclin-like arabinogalactan (FLA) proteins were also differentially expressed in cld1 (Table 1) . As a subclass of arabinogalactan proteins (AGPs), FLAs are highly glycosylated proteoglycans located in the plant cell wall, plasma membrane and many extracellular secretions.
Furthermore, some proteins associated with cuticle formation were also affected in cld1 (Table 1) . We identified five non-specific lipid transfer proteins (nsLTPs), including two GPI-anchored nsLTPs (OsLTPG10 and OsLTPG19), which were differentially expressed in cld1 (Table 1) . As shown in Figure S8A ,B, protein domains IPR000528 (plant lipid transfer protein/par allergen) and IPR016140 (bifunctional inhibitor/plant lipid transfer protein/seed storage helical domain) were significantly enriched in the iTRAQ analysis. Moreover, a number of water stress-associated proteins, including aquaporin protein, heat-shock protein, glutathione-S-transferase, drought-induced S-like ribonuclease and a total of 10 antioxidant enzymes, such as the class-III peroxidases (POXs), catalase (CAT) and superoxide dismutase (SOD) were differentially expressed in the absence of water-stress conditions (Table 1) . These results further support the importance of CLD1/SRL1 in the maintenance of epidermis integrity and water homeostasis in leaves.
DISCUSSION
The cld1 represents an epiallele of SRL1, a gene encoding a hypothetical GPI-anchored protein, and regulates leaf rolling by epigenetic inactivation Proteins containing GPI anchors, also called GPI-anchored proteins (GAPs), are widespread in eukaryotic cells. Based on the sequence identity and functional features, GPIanchored proteins can be divided into many groups such as arabinogalactan (AG) proteins (AGPs), COBRA family proteins, phytocyanin-like proteins, fasciclin-like proteins, cell wall hydrolytic enzymes, lipid transfer protein-like proteins, receptor-like proteins, and unknown and hypothetical proteins (Borner et al., 2002) . Although an increasing number of GPI-anchored proteins have been studied in plants, the functions of them in leaf-rolling regulation have been reported rarely. Xiang et al. (2012) have shown that SRL1 encodes a putative GPI-anchored protein and modulates leaf rolling in rice. To date, SRL1 is the only GPI-anchored protein that regulates leaf rolling in plants. The data reported herein show that CLD1 is allelic with SRL1. Interestingly, the loss of CLD1/SRL1 function in the cld1 mutant was the result of epigenetic inactivation through DNA methylation. In eukaryotes, cytosine DNA methylation, a conserved epigenetic mark, has been proven to play essential roles in the silencing of genes. In rice, several single recessive and stably inherited epialleles involving alterations in DNA methylation have been identified from spontaneous and induced mutants Wei et al., 2017) . It has been considered that DNA hypermethylation usually causes repressed gene expression, but hypomethylation usually causes increased or ectopic expression of the affected gene (Miura et al., 2009; Zhang et al., 2015) . In addition, some studies have demonstrated that the H3K9me2 is often associated with DNA methylation, indicating a link between DNA methylation and histone H3 methylation in the regulation of gene expression. For instance, Zhang et al. (2012) have identified an epiallele involved in H3K27me3-mediated gene repression that itself is highly regulated by DNA methylation and histone H3K9me2 in rice. Ding et al. (2007) have reported that rice SDG714 encodes a histone H3K9-specific methyltransferase, and the loss of SDG714 function results in a lack of macro trichomes in leaves. Furthermore, their results have suggested that histone H3K9 methylation mediated by SDG714 is involved in DNA methylation and genome stability (Ding et al., 2007) . The data reported herein indicate that enhanced DNA methylation repressed the expression of CLD1/SRL1 in cld1. Although it remains unknown whether histone modifications occurred in cld1 and Os09 g0537700 Drought-induced S-like ribonuclease 2.0355 4.58E-03 Up epigenetic modifications occurred in other genes, we have observed that the cld1 mutation significantly increased the length of macro trichomes in the cld1 mutant leaves (Figure S11 ). No significant difference was detected between WT and slr1-3 (or slr1-4) in the length or morphology of trichomes. Therefore, the mechanistic relationship between cld1 methylation and SDG714-mediated epigenetic modifications deserves further study. In plants, GPI anchoring of proteins provides a potential mechanism for communicating between the plasma membrane and the cell wall. Indeed, the well-known GPIanchored proteins are located on the outer surface of the plasma membrane and function mainly at the cell wall (Li et al., 2003; Gillmor et al., 2005; Roudier et al., 2005) . According to sequence analysis, CLD1/SRL1 encodes an uncharacterized or hypothetical GPI-anchored protein, and shows homology with Arabidopsis At1g61900 and At1g61900-like proteins in other plant species; however, little information is known about the functions of these hypothetical GPI-anchored proteins. Previous studies have shown that genes encoding GPI-anchored proteins are usually ubiquitously expressed in plant tissues, and thus regulate several aspects of plant growth and development. For example, OsBC1L4 is expressed in all tissues examined, and its loss of function leads to dwarfism and fewer tillers as a result of abnormal cell expansion (Dai et al., 2011) . Consistent with its function in cell wall formation, OsBC1L4 protein is located in the cell wall and plasma membrane (Dai et al., 2011) . Similarly, CLD1/SRL1 is ubiquitously expressed in all tissues tested, and its loss of function results in multiple morphological defects, implying that CLD1/SRL1 could regulate many aspects of rice growth and development. The results from both the SRL1 study and the present study ( Figure S6 ) have demonstrated that the CLD1/SRL1-GFP protein was located at the plasma membrane; however, the fluorescent signals of CLD1/ SRL1-GFP displayed an uneven distribution on the plasma membrane. The GPI anchor is post-translationally attached to the target proteins and integrated into the outer face of the plasma membrane (Eisenhaber et al., 2003) , and the GPI-anchored proteins usually follow a secretion pathway and ultimately reach the site at which they function (Liu et al. 2013) . Furthermore, there is a common perception that GPI-anchored proteins can be organized in caveolae microdomains of the cell surface (Mayor et al., 1994; Varma and Mayor, 1998) . Therefore, as a GPI-anchored protein, CLD1/SRL1 should be transported via a secretion pathway and ultimately anchored to the outer surface of the plasma membrane. Based on these aspects, we speculate that CLD1/SRL1, as a hypothetical GPI-anchored protein, functions mainly in the extracellular space such as the cell wall. This conclusion can also be supported by the results that CLD1/SRL1 deficiency causes abnormalities in cell wall composition as well as the altered expression of many genes and proteins involved in cell wall synthesis. Therefore, CLD1/SRL1 could play a role in cell wallassociated processes.
Loss of CLD1/SRL1 function leads to a defective, bulliform-like leaf epidermis
In monocots, the BCs are large, empty, colorless and bubble-shaped epidermal cells that occur in groups on the upper or adaxial surface of leaves. They are generally present between two veins. Most investigations of rice leaf rolling have shown that increasing the number or size of BCs results in abaxial rolling, whereas decreasing the number or size leads to adaxial rolling; however, it has been reported that the loss of SRL1 function leads to adaxial rolling as a result of an increased number of BCs (Xiang et al., 2012) . Our data have revealed that CLD1 is allelic with SRL1 (Figure 3 ). Rather than cld1 increasing the number of BCs on the adaxial surface, it is more accurate to conclude that cld1 demonstrated a bulliform-like trend in the leaf epidermis, because both cld1 and its allelic mutants showed a significant increase in swollen epidermal cells not only on the adaxial surface but also on the abaxial surface (Figure 2 and Figure S3 ). We found that cld1 had dehydrated and atrophied BCs in the rolled regions and smaller BCs in the extremely rolled regions ( Figure S1 ). Clearly, the number changes and abnormal shape of BCs could not fully explain why the cld1 mutant produced a severe phenotype after the tillering stage. For example, some leaf blades of cld1 even displayed a twisted rolling phenotype, and some tillers, especially the secondary and tertiary tillers, produced a whole leaf, including blade, sheath and lamina joint, with an extremely twisted and curled morphology. As is well known, BCs are present on the adaxial surface of leaf blades rather than on the leaf sheath or lamina joint. Therefore, it was possible that CLD1/SRL1 could function in all epidermal cells instead of just BCs, and that the changes in the number of BCs or the abnormal shape of BCs were not the only reasons for leaf rolling in cld1 and its allelic mutants.
As the outermost cell layer, the leaf epidermis/cuticle is composed of specialized structures and cell types, including epidermal cells, stomata, trichomes and papillate cells, and it is covered by a waxy layer secreted by the cells (Martin and Glover, 2007) . These specialized structures and waxes covering the leaves, which can prevent evaporative water loss, are very important for maintaining leaf flattening (Kadioglu and Terzi, 2007) . Therefore, the epidermis and its cuticle structure have been considered to be of great importance for the regulation of leaf shape. A smooth and well-organized epidermis has been confirmed to be a necessary prerequisite for leaf flattening. Several studies have demonstrated that gene mutations causing a defective leaf epidermis also lead to leaf rolling or culling, such as CFL1 in rice , CRINKLY4 in Zea mays (maize; Becraft et al., 1996) and ACR4 in Arabidopsis (Watanabe et al., 2004) . Furthermore, some mutations could cause abnormal epidermis formation and even death of the plant as a result of more rapid water loss, such as WDL1 in rice (Park et al., 2010) . Here, we found that both cld1 and its allelic lines (srl1-3 and srl1-4) have obvious defects in leaf epidermis and cuticle structures, indicating that a loss of CLD1/SRL1 function impaired the development of the epidermis. This conclusion can be further supported by the abnormal expression of non-specific lipid transfer proteins (nsLTPs) in cld1 (Table 1 ). In plants, it has been shown that the nsLTPs could play important roles in the regulation of cuticle lipid composition and wax assembly (Kim et al., 2012) . In fact, obvious abnormalities in leaf epidermis were observed in the srl1 mutants (srl1-1 and srl1-2). Based on the histological cross sections presented in the SRL1 study (Xiang et al., 2012) , srl1 mutants exhibit more bubble-shaped epidermal cells not only in the adaxial epidermis but also in the abaxial epidermis. As is known, BCs are generally present on the adaxial surface rather than the abaxial surface. The results from the SRL1 study could also imply that srl1-1 and srl1-2 have a defective leaf epidermis. Therefore, the functions of CLD1/SRL1 are required for maintaining a smooth and well-organized leaf epidermis.
Although both cld1 and its allelic lines are loss-of-function mutants, we noted that cld1 had more severe morphological defects than its allelic lines described in the SRL1 study, including srl1-1 and srl1-2 (Xiang et al., 2012) , and srl1-3 and srl1-4 in the present study. The cld1 mutant was derived from indica cultivar 93-11, whereas its allelic lines srl1-1 to srl1-4 were derived from japonica cultivars. Previously, it has been shown that indica and japonica rice exhibit differences in leaf cuticle structures (Zhang and Yang, 1995; Yang et al., 2006) . In addition, the indica cultivar 93-11, widely applied in two-line hybrid rice, had larger plant architecture and stronger photosynthesis and transpiration than japonica cultivars. Accordingly, cld1 had larger leaves and panicles than its allelic lines. Therefore, the phenotypic differences between cld1 and its allelic lines should represent differences in morphological and physiological characteristics between indica and japonica varieties, rather than functional differences in the CLD1/SRL1 gene under a different genetic background.
A defective leaf epidermis leads to water deficits, which are the main contributors to leaf rolling in cld1
Previous studies have shown that the shapes of BCs are closely related to water content in their vacuoles (Kadioglu and Terzi, 2007; Fang et al., 2012) . During water stress or drought, moisture loss through vacuoles that induces the loss of turgor pressure of BCs generally causes leaves to roll up. Once adequate water is available, BCs enlarge and the leaves again become flat. Woo et al. (2007) have shown that as a result of insufficient water uptake, a leafrolling mutant, oscow1, exhibits lower turgor potential and transpiration rate, and therefore leads to a water deficit in leaves. Interestingly, when oscow1 plants were grown under low-intensity light and high relative humidity, the leaf-rolling phenotype was greatly alleviated (Woo et al., 2007) . Fang et al. (2012) have reported that the rl14 mutant shows the shrinkage of BCs as a result of water deficiency. Furthermore, RL14 modulates leaf rolling by regulating the composition of the secondary cell wall, which affects water transport in rice leaves (Fang et al., 2012) . In the present study, we found that in addition to the abnormal structure of the epidermis, cld1 also showed drastic increases in the transpiration rate, stomatal conductance and intercellular CO 2 concentration, as well as faster water loss, a lower water content and reduced drought tolerance. These results indicate that an impaired leaf epidermis affected the water-retaining capacity of cld1. In fact, we found that the leaf-rolling phenotype was alleviated when cld1 plants were grown in a glasshouse with high relative humidity and stagnant air conditions. Therefore, the dehydrated and smaller BCs in cld1 should result from faster water loss that led to a water deficit in BCs.
This conclusion could be further supported by the results of the SRL1 study. In that study, genes encoding vacuolar H + -ATPase subunits (VHSA, VHSB and VHSC) and H + -pyrophosphatase (VHPyr) were significantly upregulated in srl1 BCs (Xiang et al., 2012) . Considering that the vacuole-related genes function mainly in highly vacuolated cells, such as BCs, it is possible that the alteration of osmotic pressure affected their expression in BCs. In plants, osmotic adjustment is the primary physiological response to water deficit (Munns, 2002) . Vacuolar H + -ATPases and H + -pyrophosphatases can create an electrochemical H + gradient by pumping protons into the vacuoles, which play a critical role in the maintenance of vacuolar homeostasis in plant cells (Martinoia et al., 2007; Conde et al., 2011) . Their functions in plant growth and development are mainly involved in regulating cellular osmotic adjustment and the plant's defense against environmental stress, such as drought stress and salt stress (Silva and Geros, 2009 Accordingly, the water deficit in cld1 also triggered a drought response that resulted in increased chlorophyll content and dark-green leaves in the mutant. Based on these findings, we suggest that the defects in the leaf epidermis decrease the water-retaining capacity and lead to a water deficit in cld1 leaves, which is the main contributor to the leaf-rolling phenotype and reduced drought tolerance.
Interestingly, CLD1/SRL1 expression was dramatically induced by SA and IAA treatments, but was strongly repressed by MV treatment. ABA and high temperature treatments also induced the expression of CLD1/SRL1. In plant cells, MV-mediated oxidative stress generates massive reactive oxygen species (ROS) bursts that disrupt the membrane integrity (Bowler et al., 1991) . Recent studies have shown that SA can participate in the signaling of oxidative stress and drought stress (Khan et al., 2015) . Applications of exogenous SA cause oxidative stress to plants partially through the accumulation of hydrogen peroxide, and SA can cause the inhibition of certain antioxidant enzymes (Khan et al., 2015) . In rice, it has been shown that IAA can modulate leaf rolling by affecting the water content in BCs (Woo et al., 2007; Fujino et al., 2008) , and ABA-mediated processes are involved in plant responses to water deficit, especially the control of stomatal opening. Clearly, the differential expression of CLD1/ SRL1 by the treatments indicated that CLD1/SRL1 was sensitive to oxidative and osmotic stress. In fact, the loss of CLD1/SRL1 function induced water deficits in cld1 that triggered a defense response to oxidative and osmotic stresses because many water stress-associated proteins and antioxidant enzymes, such as POX, CAT and SOD were differentially expressed in the absence of water stress conditions. These results demonstrate that the roles of CLD1/ SRL1 are required for water homeostasis and drought tolerance in rice.
The functions of CLD1/SRL1 in the control of leaf rolling are related to cell wall formation, which affects epidermal integrity and water homeostasis
In rice, many investigations have shown that genes that regulate the secondary cell wall and cellulose formation also play important roles in determining leaf rolling, such as NRL1/OsCSLD4 (Li et al., 2009; Hu et al., 2010; Luan et al., 2011) , RL14 (Fang et al., 2012) and OsMYB103L . Our data show that the expression of RL14 and OsMYB103L was strongly upregulated in cld1, implying a functional role of CLD1 in the regulation of secondary cell wall formation, which probably modulates leaf rolling. Furthermore, we found that the expression of cellulose synthesis-related genes, such as NRL1/OsCSLD4, OsCESA1-3 and SND1, was significantly downregulated in cld1. In contrast, the expression of CLD1/SRL1 was upregulated in the nrl1 mutant. Consistent with the differential expression of cellulose synthesis-related genes, the cellulose and lignin contents were also altered in cld1 (Figure 7b-d) . These results clearly demonstrate that CLD1/ SRL1 play roles in the regulation of secondary cell wall formation.
These results can be further confirmed by the quantitative proteomic data. We found that many proteins associated with cellulose and lignin formation were differentially expressed in cld1, such as OsCAD2, Os4CL3, Laccase-7 and OsCesA8, among others. It has been shown that OsCAD2 is the major CAD gene responsible for monolignol biosynthesis, and that the loss of OsCAD2 function results in a lignin-deficient phenotype in rice (Zhang et al., 2006; Hirano et al., 2012) . Os4CL3 can catalyze monolignol and flavonoid biosynthesis, and the suppression of Os4CL3 could also result in a significant reduction in lignin content in rice (Gui et al., 2011) . Laccase-7 and OsCesA8 are directly associated with lignin synthesis and cellulose synthesis, respectively. Clearly, the differential expression of the lignin-and cellulose-associated proteins further indicated changes of lignin and cellulose formation in cld1. Many proteins involved in cell wall-related processes were also differentially expressed in cld1, such as a xyloglucan endotransglucosylase/hydrolase protein OsXTH8, six glycosyl hydrolase family proteins and three GPI-anchored fasciclinlike arabinogalactan proteins, OsFLAs. It has been shown that OsXTH8 mediates cleavage and the rejoining of the b-(1-4)-xyloglucans of the primary cell wall in rice (Jan et al., 2004; Xiang et al., 2012) . Glycoside hydrolases are extremely common enzymes with roles in the degradation of biomass such as cellulose, hemicellulose and starch, and OsFLAs are abundant in the cell wall and plasma membrane, and play crucial roles in the mediation of interactions between the cell wall and plasma membrane (MacMillan et al., 2010) . These results further demonstrated the roles of CLD1/SRL1 in the regulation of cell wall-related processes. In addition, considering that both the OsFLAs and CLD1/SRL1 are GPI-anchored proteins, the potential interactions between them deserve further investigation.
In fact, a number of factors, such as hormones, cytoskeleton, GPI-anchored proteins, phosphoinositides and sugar nucleotide supply, are involved in the regulation of cell wall formation (Zhong and Ye, 2007) . Defects in either cell wall synthesis-associated enzymes or some auxiliary proteins could result in abnormal plant development. Considering that CLD1/SRL1 encodes a hypothetical GPIanchored protein and is located on the outer face of the plasma membrane, it may serve as an auxiliary protein in the maintenance of cell wall formation. Our data show that the loss of CLD1/SRL1 function led to leaf rolling, water deficit, abnormal formation of the cell wall and epidermal defects. Accordingly, cld1 also showed altered expression levels of many genes and proteins involved in cell wall formation, epidermal development and water stress-associated processes. Taken together, we suggest that the functions of CLD1/SRL1 in the control of leaf rolling are related to the maintenance of cell wall formation, which affects epidermal integrity and water homeostasis.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
The cld1 mutant was isolated from the mutagenized population of rice cultivar 93-11 (O. sativa L. ssp. indica) irradiated by 60 Co c-rays. Cultivar 93-11 represents the wild type (WT) for cld1. Two T-DNA insertion mutants, srl1-3 (PFG_3A-14490.R) and srl1-4 (PFG_4A-04268.L), were kindly provided by Gynheung An, Kyung Hee University, Republic of Korea, and cultivar Dongjin (O. sativa L. ssp. japonica) represents their wild type. Rice plants were grown in pots or in paddy fields under natural conditions. Transgenic rice plants were grown in a glasshouse with a 14-h light (30°C)/10-h dark (26°C) cycle, and with 70-80% relative humidity.
Measurements
The LRI and chlorophyll content were measured as described by Shi et al. (2007) . The RWC of leaves was measured as described by Zou et al. (2011) . The RWL from a detached leaf was measured by monitoring the fresh weight loss at the indicated time points, as described by Mao et al. (2012) . Rates of photosynthesis and transpiration, stomatal conductance and intercellular CO 2 concentration were measured at the full heading stage with a Li-6400 portable photosynthesis system (Li-COR Biosciences, Lincoln, NE, USA), as described by Bai et al. (2008) . Cellulose and lignin contents were analyzed following the procedure described by Updegraff (1969) and Zwiazek (1991) , respectively.
Microscopic and scanning electron microscopic observations
For microscopic analysis of leaf cross sections, fresh hand-cut sections (approximately 20 lm) were prepared with leaves at certain developmental stages and observed under bright-field and fluorescence microscopy with a Leica DM5000B (http://www.leica.c om). To analyze the arrangement of BCs and epidermal cells, the abaxial surface of the second leaves were gently abraded with a slurry of silica in water and then soaked in 95% ethanol for 3 days with daily changes of ethanol to remove the chlorophyll. TB staining was performed according to the description given by Hernandez et al. (1999) . After washing with water, the epidermis was sealed for observation under a Leica DM5000B microscope. To examine defects in the epidermis, intact leaves were stained using TB assay as described by Wu et al. (2011) . For SEM observations, leaf samples were prepared according to the method described by Li et al. (2010b) and observed under SEM (Hitachi S-3400N; http:// www.hitachi-hightech.com).
Map-based cloning
For genetic mapping, the cld1 mutant was crossed with japonica cultivar 02428. We identified 1230 mutant individuals from the F 2 population. Genetic mapping was first conducted by genotyping 128 F 2 mutant individuals. For the fine-mapping of CLD1, we further genotyped 1102 F 2 mutant individuals by InDel markers. All primer sequences for the markers are listed in Table S3 .
Bisulfite sequencing PCR and demethylation treatment
For DNA methylation analysis, genomic DNA was extracted from cld1 and WT plants using the QIAamp DNA mini kit protocol (cat. no. 51304; Qiagen, https://www.qiagen.com), and 1.0 lg of DNA was bisulfite-treated using the Bisulfite kit (cat. no. 59104; Qiagen). CpG islands were predicted using METHPRIMER (http://www.urogene. org/cgi-bin/methprimer/methprimer.cgi) and amplified using two bisulfite primer pairs, BSP-1F/R and BSP-4F/R, respectively (Table S3 ). The PCR products were cloned into the pGEM-T easy vector (Promega, https://www.promega.com) for sequencing. DNA demethylation treatment was performed with 5-aza-dC, as described by Miura et al. (2009) .
Identification of T-DNA insertion lines
Two T-DNA insertion lines, srl1-3 (PFG_3A_14490.R) and srl1-4 (PFG_4A_04268.L) were isolated from the SIGnAL rice T-DNA insertion sequence database (http://signal.salk.edu/cgi-bin/Rice GE). The identification of the T-DNA insertion was performed using the standard PCR protocols recommended by SIGnAL. The combination of three gene-specific primers, left primer (LP), right primer (RP) and T-DNA border primer (BP) was used to detect the plants with T-DNA insertions and to identify T-DNA homozygous lines. The primers used for identification were 14490-LP, 14490-RP, 04268-LP, 04268-RP and BP (Table S3) .
Quantitative proteomic analysis
The iTRAQ-based quantitative proteomic analysis was performed using a customer service by PTM-Biolabs Co., Ltd (Hangzhou, China). In brief, the proteomes were determined using the isobaric tags for the relative and absolute quantitation (iTRAQ) technique. Total proteins were extracted from rice leaves at the early tillering stage and subjected to trypsin digestion, iTRAQ labeling and HPLC fractionation, and analyzed by LC-MS/MS (Thermo Scientific Q Exactive Plus; http://planetorbitrap.com). The MS data were analyzed using Mascot Server (http://www. matrixscience.com/), followed by database searching and bioinformatics analysis. The relative quantitation of the proteins was divided into two categories. In the present study, a quantitative ratio (cld1/WT) over 1.3 was considered upregulation, whereas a quantitative ratio of less than 1/1.3 (0.77) was considered downregulation (Student's t-test, P < 0.05). The detailed experimental procedure for iTRAQ has been described previously . and K.-M.C. supervised and complemented the writing with comments from all of the authors.
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